Honeycomb superlattice pattern in a dielectric barrier discharge in argon/air We report on a honeycomb superlattice pattern in a dielectric barrier discharge in argon/air for the first time. It consists of hexagon lattice and honeycomb framework and bifurcates from a hexagon pattern as the applied voltage increases. A phase diagram of the pattern as a function of the gas component and gas pressure is presented. The instantaneous images show that the hexagon lattice and honeycomb framework are ignited in turn in each half voltage cycle. The honeycomb framework is composed of filaments ignited randomly. The spatiotemporal dynamics of honeycomb superlattice pattern is discussed by wall charges. V C 2015 AIP Publishing LLC.
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I. INTRODUCTION
In recent years, dielectric barrier discharge (DBD) system has become an attractive pattern formation system since a variety of patterns have been observed. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] It is very popular for producing non-equilibrium plasma and has been widely used in industrial applications, such as light sources, ozone generation, and surface treatment. [11] [12] [13] [14] The discharges appear in different types depending on the experimental conditions, especially on the product pd of gas pressure p and the gas gap d. For a low pd product, the discharge operates in the Townsend regime mechanism and a uniform glow appears. For a high pd (the produce of pd is far away from 10 TorrÁcm), the discharge operates in the streamer regime and discharge filaments appear in the gas gap. 15 The filaments can self-organize into various types of regular patterns for different parameters. [16] [17] [18] They are particularly well suited to studies of the spatiotemporal characteristics because they are self-luminous. Previously, the spatiotemporal characteristics were investigated by instantaneous images with time integration. Gurevich et al. 9 studied the spatiotemporal behaviors of the concentric-ring pattern by instantaneous images with time integration recorded by the intensified charge-coupled device (ICCD) camera. Bernecker et al. 19 reported a hexagonal and honeycomb structure in Townsend regime, in which just a simple hexagon lattice can be seen in the picture taken by an ordinary camera. Due to the weak light intensity of the honeycomb framework, the honeycomb framework is only available in the instantaneous image integrated over many cycles recorded by an ICCD camera. As is well known, the spatiotemporal discharge characteristics of pattern should be investigated by time-resolved images. Here, we introduce a honeycomb superlattice pattern with stronger light intensity obtained in streamer regime, where honeycomb framework can be seen by naked eyes and looks like diffuse. Time-resolved images exactly correlated with successive current pulse phases are applied to address the discharge characteristics of the pattern. They show that the honeycomb framework is actually composed of filaments although it looks like diffuse in time-integration image.
In this paper, we report on an observation of a honeycomb superlattice pattern in dielectric barrier discharge system. The formation and the phase diagram of this pattern are given. Depending on instantaneous images correlated with successive current pulse phases taken by ICCD camera, the spatiotemporal characteristics of the pattern are studied.
II. EXPERIMENTAL SETUP
The schematic diagram of the experimental setup is shown in Fig. 1 . The electrodes are two cylindrical containers sealed with glass plates and filled with water. A metallic ring is immersed in each container and connected to a sinusoidal ac power supply, whose frequency is set as 53 kHz. A circular glass frame with a 2 mm thickness is clamped between the two parallel glasses plates, serving as a lateral boundary, the whole cell are placed into a big chamber. The amplitude of the applied voltage is measured by a highvoltage probe (Tektronix P6015A 1000Â). The current of the whole pattern is calculated by the resistor voltage divided by the 50 X resistors. A high-speed framing camera (HSFC pro) with two similar and intensified photographing channels FIG. 1. Schematic diagram of the discharge cell. 1-camera, 2 and 11-outer glass plate, 3 and 10-copper ring, 4 and 9-plexiglas cylindrical container, 5 and 8-inner glass plate, 6-hollow glass frame, and 7-gas discharge area. 
PHYSICS OF PLASMAS 22, 023507 (2015)
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: is used to record frames with exposure times corresponding to different current pulse phases. Through the computercontrolled software, the exposure and delay time of each channel can be changed, and the images of the two photographing channels in all can be obtained at one time. Figure 2 shows different discharge stages with the applied voltage increasing. At 1.7 kV, the gas breakdown just occurs, with some randomly walking filaments presented. Increasing the amplitude of the applied voltage, filaments gradually increase in number and occupy the whole discharge area, and at 2.9 kV they self-organize into hexagon with a dark background. The honeycomb superlattice pattern under investigation comes into being at 4.1 kV, in which bright spots are arranged in hexagon and each bright spot is surrounded by a honeycomb framework. With the voltage increasing, the honeycomb superlattice pattern with more cells emerges. Further, when the voltage is 6.0 kV, the background become brighter, and the honeycomb framework disappears and a denser hexagon lattice forms.
III. RESULTS AND DISCUSSION
As is well known, self-organized patterned discharges are sensitive to the discharge parameters. The phase diagrams of the honeycomb superlattice pattern as a function of gas pressures p and volume fraction of argon v are shown in Fig. 3 . The perfect honeycomb superlattice pattern can be obtained in ranges of argon concentration from 5% to 45% and gas pressure from 0.25 to 0.48 atm approximately. In the gray area, honeycomb superlattice can be generated but the perfection is not ensured sometimes.
In order to study the discharge characteristics of the honeycomb superlattice pattern, the time-resolved images are taken by the ICCD camera. Figure 4 Figs. 4(b)-4(d) . From observation of the filaments denoted by ٗ and ᭝ in Fig. 4(e) , it is found that filaments in Figs. 4(b) and 4(c) form a complementary hexagon lattice in the whole discharges area. However, the filament denoted by ᭺ in Fig. 4(d) Figs. 5(c 1 )-5(c 4 ) , it is found that the honeycomb framework is gradually presented with the increasing of the integration cycles, and the perfect framework emerges when the image is integrated over 110 cycles. By comparing Fig. 5(c 1 ) with Fig. 5(c 4 ) , it is found that the honeycomb framework is actually composed of filaments although it looks like diffuse in time-integration image. Thus, the filament denoted by ᭺ in Fig. 4(d) is located at the position of the honeycomb framework. From Figs. 5(a) to 5(c 4 ) , it is found that the hexagon lattice and honeycomb framework are ignited as hexagon lattice-hexagon lattice-honeycomb framework in half voltage cycle. However, the exactly same structure shown in Figs. 5(a) and 5(b) indicates that they are one hexagon lattice corresponding to the two current pulses phases. Through the experiment, the same results are obtained in the following half voltage cycle. Thus, in two successive half voltage cycles, the ignition follows as hexagon lattice-honeycomb framework-hexagon lattice-honeycomb framework. By comparing images with different time-integrations correlated with the same current pulse phase (Figs. 5(a) and 4(b), 5(b) and 4(c)), it shows that filaments of the hexagon lattice are ignited randomly in the same polarity of one half voltage cycle (positive or negative). This result indicates that the filaments won't form a perfect hexagon lattice in long time integration if they always discharge at the same position.
In order to confirm whether filaments of the hexagon lattice are also ignited randomly in successive half voltage cycles, images of the hexagon lattice are taken by the ICCD camera. The exposure times of Figures 6(a)-6(d) are set corresponding to the current pulse phases Dt 1 , Dt 2 , Dt 4 , and Dt 5 in Fig. 4(a) . From any two images, respectively, belonging to different half cycles, for example, Figs. 6(a) and 6(d), one can see that the positions of most of filaments are different. This is also very clear from their superposition image (Fig.  6(e) ). This indicates that filaments of hexagon lattice are ignited randomly in two successive half voltage cycles. Thus, it is conclusive that filaments of hexagon lattice are ignited randomly not only in the same polarity of each half voltage cycle (positive or negative) but also in two successive half voltage cycles. Figure 7 shows images of honeycomb framework in two successive half voltage cycles. Figures 7(a) and 7(b) are correlated with the two current pulses denoted by Dt 3 and Dt 6 in Fig. 4(a) , respectively. Figure 7 (c) is their superposition. It can be seen that positions of most of the filaments in Figs. 7(a) and 7(b) are not overlapped, i.e., the filaments in honeycomb framework are ignited randomly in two successive half voltage cycles.
The formation of the honeycomb superlattice pattern is associated with the wall charges. As is well known, the charges created in a filament accumulate on the surface of the dielectric layer and are called as wall charges. The wall charges produced by the hexagon lattice, which appears first in the formation of the honeycomb superlattice pattern, will set up a field opposite to the applied field, which inhibits the discharge around the hexagon lattice. New ignitions tend to occur relatively far away from the ignited locations. Obviously, the inhibition is weak at the positions between two spots of the hexagon lattice. Thus, new filaments can ignite in these positions when the applied voltage is high enough and compose honeycomb framework finally. It is noting that some filaments of honeycomb framework are ignited in positive half voltage cycle and some other filaments of honeycomb framework are ignited in the negative half voltage cycle. These ignitions occur at different positions in two successive half voltage cycles. Thus, the wall charges distribute at different positions on the honeycomb framework in two successive half voltage cycles, and these wall charges are opposite charges. At present, the wall charges cannot be accurately measured. To some extent, the more transferred charges are, the more wall charges will be. Here, the transferred charges are estimated and they qualitatively reflect the wall charges. The electric quantities of the filaments of the honeycomb framework in two successive half voltage cycles (Dt 3 and Dt 6 in Fig. 4(a 1 ) ) are calculated by Q ¼ Ð Idt, respectively. The transferred charge (Q) is Q 1 ¼ 20 Â 10 À9 C and Q 2 ¼ 21 Â 10 À9 C, respectively. The polarities of wall charges are opposite and transferred charges are equal. Thus, considering all these two factors, the net electric field of the wall charges accumulated in the honeycomb framework is near the zero in time-integration. The E (Q) produced by wall charges on the honeycomb framework have no influence on hexagon lattice in the following discharges. Therefore, the hexagon lattice and honeycomb framework are ignited as hexagon lattice-honeycomb framework-hexagon lattice-honeycomb framework-….
IV. CONCLUSION
In conclusion, the honeycomb superlattice pattern is observed in dielectric barrier discharge in the air/argon for the first time. A phase diagram of the pattern as a function of the gas component and gas pressure is presented. The honeycomb superlattice pattern consists of the honeycomb framework and the hexagon lattice. For the hexagon lattice, filaments are ignited randomly both in the same half voltage cycles and two successive half voltage cycles. For the honeycomb framework, although it looks like diffused, it is composed of filaments. The net electric field of the wall charges accumulated in the honeycomb framework is near the zero, resulting in that honeycomb framework has no influence on hexagon lattice in the following discharges. However, hexagon lattice facilitates the formation of honeycomb framework. Therefore, they are ignited as hexagon lattice-honeycomb framework-hexagon lattice-honeycomb framework-….
